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Vocabulary and Acronyms  
Accelerant Accelerates the curing of the resin 
BMC Bulk Moulding Compound 
CFRP Carbon Fibre Reinforced Plastics 
CoC Certificate of Conformity 
CS Chopped Strand 
CSM Chopped-Strand Mat 
CTE Coefficient of Thermal Expansion 
Debulk To remove air out of the laminate 
DLF Degraded Laminate Failure 
FRP Fibre Reinforced Plastic 
HDT Heat Distortion Temperature 
ILS Interlaminar Shear 
ILSS Interlaminar Shear Strength 
IM Injection Moulding 
LFI Liquid Film Infusion 
MF Milled Fibre 
NDI Non-destructive Inspection 
NDT Non-destructive Testing 
OEM Original Equipment Manufacturer 
RIM Reaction Injection Moulding 
RRIM Reinforced Reaction Injection Moulding 
SRIM Structural Reaction Injection Moulding 
RT, RTA Room Temperature Ambient 
RTC Reinforced Thermoplastic Composite 
RTM Resin Transfer Moulding 
SMC Sheet Moulding Compound 
SPEC Specification 
TMA Thermal Mechanical Analysis 
UD Unidirectional 
VARTM Vacuum Assisted Resin Transfer Moulding 
VI Vacuum Infusion / Injection 
VIP Vacuum Infusion / Injection Process 
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1 Introduction  
 
The automotive industry is requesting advancement in material technology due to the 
tightening of the CO₂-restricting legislation and as well to improve the operational range 
of electric vehicles. In order to meet the requirements the cars have to be made of 
lighter materials that at the same time provide the same crash safety features as con-
ventional ones and this is why carbon fibre reinforced plastics (CFRP) are seen as one 
possible solution. CFRP is claimed to have higher weight specific strength than steel or 
aluminium. 
Valmet-Automotive is a leading service provider for the automotive industry in fields of 
automotive engineering, vehicle manufacturing, convertible roof systems and related 
business services. The areas of their expertise are premium cars, convertibles and 
electric vehicles. To be able to help their customers to succeed in making vehicles 
lighter and more efficient having a good knowledge of CFRP manufacturing provides a 
great advantage.  
In this thesis the emphasis is on the exterior parts that also have to stand external 
loads though the loads are different than in structural parts. The resulting guidebook 
provides basic information on the composites and their manufacturing processes to-
gether with safety and environmental matters. It is designed to give basic guidelines for 
whoever is about to consider purchasing or manufacturing exterior parts made of 
CFRP.  
The guidebook starts from composite materials such as resins and reinforcements and 
their characteristics. The composite materials section also contains information of stor-
ing and some examples of suppliers. Common equipment for mould making, curing 
and tooling can also be found in this guidebook together with the related process pa-
rameters. Manufacturing techniques mentioned in this guidebook are chosen according 
to their suitability to produce exterior parts for cars whereas a comparison of tech-
niques can also be found. Refining and quality matters are incorporated in this guide-
book as well along with safety and environmental concerns.  
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2 Composites 
 
Composite material consists of at least two different substances that do not dissolve in 
one another. In this thesis the focus is on CFRP which consist of carbon fibres that can 
be continuous, chopped or milled and a plastic matrix. Fillers and additives with differ-
ent purposes are normally also used. Materials used in composites are not as durable 
separately as they are when combined to a composite structure [2, p 221]. 
 
The fibres carry the external loads and the plastic matrix connects the fibres to one 
another transferring loads from one fibre to another and also acts as the visible surface 
of the part. Fillers and additives are mostly used for making the parts cheaper though 
depending on the types used they can also provide some other functions e.g. chemical 
or heat resistance etc. 
 
 
2.1 Characteristics 
 
Every plastic and reinforcement has its own characteristic attributes when it comes to 
surface quality, appearance and structural features. The plastics differ from each other 
as well in hygroscopic and thermal attributes. 
 
2.1.1 Hygroscopic and Thermal Attributes 
 
Some of the plastics used in CFRP parts tend to absorb moisture. Moisture in the parts 
can cause them to lack desired structural qualities and to cause surface defects and 
therefore controlled working conditions are important. Average mass gain for a compo-
site part when conditioned can be seen in Figure 1. 
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Figure 1. Average mass gain of composite when it has been conditioned [16]. 
 
As seen in Figure 1 a CFRP part can absorb nearly 0,4 wt% of moisture after 1500 
hours of conditioning. 
   
The heat endurance of the plastic matrix is usually significantly lower than in the metal-
lic parts therefore when the CFRP parts are heated during the paint curing process 
deformations may appear. These deformations may occur because of release of the 
internal tensions of the part or just because the part has softened.  
 
The HDT and    figures represent the maximum heat endurance limit for different plas-
tics. For thermoplastics the heat distortion temperature (HDT) value defines the tem-
perature at which a plastic part deflects under specific load. The test procedure is de-
scribed in standards ASTM D648 and ISO 75. When using thermosetting plastics, 
glass transition temperature (  ) applies and the corresponding test procedure is de-
scribed in ASTM D7028 and ISO 6721-11 [1, p 292]. There is also a maximum service 
temperature defined for plastics. A comparison of heat endurance and maximum ser-
vice temperature between different plastics can be seen in Figure 2. 
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Picture 2. Heat endurance of different plastics. 
 
As seen in Figure 2 the heat endurance of different plastics can vary among a single 
type of plastic. 
 
In addition the coefficient of thermal expansion (CTE) of plastics differs from metallic 
counterparts. When a plastic part is attached to the BIW and then heated during the 
painting process, it may deform or cause other problems if it is not attached in a flexible 
way. A chart of CTEs of different plastics can be seen in Figure 3.  
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Figure 3. The Linear CTE of common plastics, aluminium alloy and steel [14]. 
 
As seen in Figure 3, there is a great amount of variation in the CTE even among a sin-
gle type of plastic. It means that with a correct mix of ingredients, additives and fillers 
the CTE can be brought to a suitable level for each application. The reinforcements 
usually have smaller CTE than the matrix plastic, sometimes even negative, and can 
thus cause read-through effect on the parts surface after heating in the painting pro-
cess. 
 
2.1.2 Mechanical Short Term Attributes 
 
The main difference between metals and composites is that metals are homogenous 
and isotropic whereas composites are orthotropic and heterogeneous. Metals have the 
same mechanical attributes in every direction but the composites have different attrib-
utes in every three dimensions. Most of the composite structures are, or consist of, thin 
layers and therefore it is essential to examine the attributes of a thin laminate structure 
[21, p 383]. The laminate axis system and angles are described in Figure 4.  
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Figure 4. Laminate axis system [13]. 
 
The axis system seen in Figure 4 is also often referred as x, y and z in the same 
corresponding order 1, 2 and 3. Zero axis is defined by the main assembly direction. 
 
The requirements for parts whether they are surface or structural parts are different. 
For characteristics and loading, a comparison for part types can be seen in Table 1. 
 
 Surface part Structural part 
Part type 
 
 
 
  
Load type 
 
 
  
Surface 
 
  
Requirement 
 
 
 
  
Table 1. Characteristics and loading of FRP parts [18, p 62]. 
Shell structure with 
double curvature 
Hollow profile with 
var. cross section 
Compact part with 
complex load paths 
Cyclic loads 
Crash loads 
Permanent loads 
Class A “Effect” surface Technical surface 
-40°C to 105°C 
(plus paint curing) 
-40°C to 80°C  
(plus paint curing) 
Min/max strength Constant stiffness 
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As seen in Table 1, the requirements for different part types can be challenging since 
for example the surface parts have to endure a wide range of temperatures whilst 
maintaining the class A surface quality and fatigue stress behaviour. On the other hand 
the structural parts will need to incorporate complex load paths in some applications 
that in turn requires highly precise placement of reinforcements. 
 
In a structural point of view it is essential for the exterior parts to have good fracture 
behaviour, impact strength and good load bearing abilities perpendicular to the surface 
since the type of parts mentioned are not part of the BIW structure. Internal rigidity is 
also a factor that should be noted and this so called buckling behaviour can be con-
trolled by shaping the part correctly but also with the placement and direction of the 
reinforcements [18, p 31 and 34]. The international standard ISO 179 defines the ways 
of testing impact strength of a plastic part. The determination of flexural properties can 
be found in ISO 178 and for tensile properties testing, the standard ISO 527 applies.  
2.1.3 Deformations during Manufacturing 
 
Thermosetting plastics tend to shrink during the curing process. The shrinkage has its 
effects on the part to be made though reinforcements usually have a tendency to pre-
vent it.  The overall shrinkage and deformation result from the orientation of reinforce-
ments as well as from the resins composition and the fillers’ behaviour when heated [1, 
p 234]. The dimensional alteration of composite parts along x-axis after heating and 
cooling cycles can be calculated with the following formula: 
 
         (       )     , 
 
in which the     is the length alteration along x-axis,    is the starting length,    is the 
linear CTE of the cured part,      is the reference temperature,    is temperature in 
which the resin is fully cured and    is the composites cure shrinkage along the given 
direction. In addition to shrinkage along a certain direction, the material shrinkage can 
cause deformations to the part which is especially the case when an asymmetric lami-
nate is being used. Therefore it is advisable to use symmetric laminates if possible. An 
example of deformation in a corner can be seen in Figure 5. 
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Figure 5. Deformation in a parts corner [1, p 234]. 
 
In Figure 5, the R is the inner radius of the corner, t is the thickness, s stands for the 
length of the surface and θ is the circumferential angle of the corner. It can be seen 
that all of the figures tend to change and thus cause deformations in the part.   
 
The overall deformation results from adding up directional thermal expansion attributes, 
cure shrinkage and internal tensions caused by the curing process. As for a symmetric 
laminate, following formula can be used for calculation of the overall angle deviation in 
a corner: 
 
,CST     
 
in which  stands for overall angle deviation, T is for thermal expansion, S is for cure 
shrinkage and C stands for angle deviation caused by internal tensions [1, p 234]. 
 
Most of the angle deviation is caused by directional thermal expansion, since FRP 
parts are not homogenous. They tend to expand less in the direction of the fibres ( x ), 
than in the perpendicular (z z ) direction. If the laminate is presumed to be homoge-
nous, the angular deviation in a corner caused by temperature change ΔT can be cal-
culated with the following equation: 
 
 
T
T
z
zx
T






1
´0 , 
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in which the 0  is the original value of the angle, x´  is the thermal expansion along x-
axis and z  is the thermal expansion along z-axis. For a CFRP part the deviation of a 
90°-angled corner is approximately CT  /004,0  [1, p 234]. 
 
The best way to determine the angle deviation is sample testing, since the S  and 
C  are difficult to calculate because the part is normally heterogeneous in the cor-
ners which in turn is caused by the fibres tendency to pack in the inner side of the cor-
ner. The deviation of the corner radius is due to perpendicular thermal expansion 
caused by temperature change and can be calculated from following equation [1, p 
234]: 
 
TRR z 0 , 
in which R  is the overall corner radius deviation, 0R is the original radius, z is the 
thermal expansion along z-axis and ΔT is the temperature change. 
2.2 Materials 
 
It is essential that the compatibility of the reinforcing fibres and the plastic matrix is 
checked otherwise the plastic matrix will not adhere to the fibres. The reinforcements 
can be fabrics composed of chopped, milled or continuous fibres that can be in unidi-
rectional from or in two or more directions in woven or non-woven fabrics. There can 
also be a combination of reinforcements of different materials used. The fabrics are 
provided with coatings of different functions which include binders that help to keep the 
fibres attached to one another and tackifiers that are used to improve adhesion be-
tween matrix plastic and the reinforcements. The most typical Tackifiers are silane-
based though the right kind should be chosen according the suitability for matrix plastic 
used. 
2.2.1 Resins and Plastics 
 
The desirable attributes for matrix plastics are good mechanical features e.g. compres-
sion strength, tendency of internal fractures, delamination and fracture build-up behav-
iour.  The viscosity of the resin should be suitable for the chosen manufacturing tech-
nique as for example in injection techniques the viscosity should by higher than in the 
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hand lay-up. The resin should have appropriate gel-time according to the chosen tech-
nique and also good heat and chemical resistance are normally requested.  
 
In present day the cost of the material and its application are the base for deciding the 
right combination. The most commonly used resins in CFRP parts and their usual ap-
plications as well as some other characteristics can be seen in Table 2. 
 
 Resin Application & Characteristics 
T
h
e
rm
o
s
e
tt
in
g
 p
la
s
ti
c
 Epoxies  the most used plastic matrix in aircraft industry 
 good mechanical features, chemical and heat re-
sistance, minor mould shrinkage 
Vinyl esters  used in wind power, sea vessel, process and chemical 
industry 
 good heat and chemical resistance 
Polyesters  commonly used in sea vessels 
 cheap and easy to manufacture 
Urethanes  new short cycle-time resins 
 developed for automotive applications among others 
BMI (Bismaleimide)  rigid  and thermally stable approx. 250°C, good me-
chanical attributes 
 one-component, can be cured just by heat  
T
h
e
rm
o
p
la
s
ti
c
 PEEK (Polyether ether 
ketone) 
 commonly used in air- and spacecraft industry 
 excellent heat and environmental endurance 
PEI (Polyether imide)  growing market in aircraft industry 
 flame retardant 
PPS (Polyphenylene 
sulphide) 
 suitable for dimensionally accurate parts 
 good mechanical qualities, excellent heat resistance 
Table 2. Common resins and their applications [13]. 
 
It can be seen in Table 2 that the majority of plastics used in CFRP applications are still 
thermosetting plastics though they lack the recyclability and reusability that of thermo-
plastics whereas they provide with more desirable attributes relative to cost. 
2.2.2 Resin Mix-in Additives 
 
Resin mix-in additives are used for cost reduction purposes as well as to provide addi-
tional aspects. The additives can provide the material with flame retardance, UV-
protection or reduce friction. They can also be used to control the thixotropy of the resin 
in other words to prevent the resin from flowing on vertical surfaces. 
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The most desirable type of filler would be a soft surfaced sphere since it has minimum 
effect on the resins viscosity and in damaging the infusion equipment. In addition, it 
would not cause internal tensions to the matrix plastic [1, p 58]. For example hollow 
spheres are used to make parts lighter whilst sphere-shaped fillers also make the plas-
tic easier to grind. Common shapes of resin mix-in additive particles can be found in 
Table 3. 
 
Shape Ball Cube Block Flake Fibber 
  
     
Ideal Shape Ball Cube, rhombo-
hedral 
Prism, flat, 
pinakoid 
Flake, plate, 
slate 
Fibber, needle-
like 
Aspect ratio:           
-Length (L) 1 1 1,4-4 1 1 
-Width (W) 1 1 1 <1 <1/10 
-Thickness (T) 1 1 1-<1 1/4-1/100 <1/10 
Examples Micro spheres, 
balls 
Calcspar (CaCO₃), feldspar, 
heavy spar, silicon dioxide 
Kaoline, talc, 
crystals, mica 
Wollastonite, 
natural fibres 
Table 3. Common shapes of filler particles [1, p 60]. 
 
As seen in Table 3 there is a good variety of different shapes of fillers for different ap-
plications and the rarest being the needle like mineral fillers.  
 
Calcium carbonate (CaCO₃) is the most common type of filler. Approximately half of the 
amount of fillers used is calcium carbonate filler since it can be used to control resin 
viscosity, improve surface quality and prevent mould shrinkage. It is cheap and always 
available in a large variety of particle sizes such as dry and wet grinded types, purified 
or precipitated grade are available in various coatings and finishes. Calcium carbonate 
can endure temperatures up to 600°C [1, p 61 and 62].  
 
Magnesium carbonate (MgCO₃) is used in lay-up resins and cast resins. It can be used 
as common filler or with antimony trioxide to improve flame resistance attributes [1, p 
62]. 
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A common form of calcium silica (CaSiO₃) is wollastonite. It is the only mineral filler 
which has a fibre-like particle shape and it is mainly used as filler in thermoplastics and 
it can also come in finished forms. Calcium silica has minimal moisture absorption fea-
tures and because of its particle type, it can be used for reinforcing to some extent [1, p 
62].   
 
Kaoline (Al₂O₃·2SiO₃·2H₂O) in natural form includes crystallised water and can be used 
as it is or in calcinated form that excludes water and is harder than the natural form. 
Kaoline is used in reinforced plastics to hide the reinforcing fibres and to improve sur-
face quality and prevent hairline cracks, mainly in SMC and BMC. It can be used to 
decrease electrical conductivity. When used with epoxy or vinyl esther resins, it has to 
be coated since it is acidic. Kaoline has good acid and alkali resistance [1, p 62]. 
 
Mica can be found in boulder form and sliced into small flexible plate-shaped particles 
that can be used as fillers. There are several types of micas of which the most common 
are muscovite, phlogopite (amber mica), biotite (black mica) and lepidolite (lithia mica). 
Mica can be found as wet or dry grinded types with different finishes and depending on 
the chemical purity they can come in various colours. With suitable aspect ratio and 
reduced amount of porosity mica can be used to make a plastic that has the tensile 
modulus of aluminium and tensile strength of 200 - 300 MPa. Mica can also be used to 
improve electrical conductivity, dimensional stability and heat, weather-, corrosion and 
moisture resistance as well as chemical resistance and prevent mould shrinkage and 
reduce CTE. They can have negative effects on the composites strength attributes and 
they can be used together with micro spheres for better packing density and resin flow 
[1, p 63]. 
 
Feldspar is suitable for usage in SMC and BMC, especially with PVC and it can be 
used in high percentage in particular when used together with other more fine-grained 
fillers. Feldspar can prevent shrinkage, increase stiffness and improve weather, abra-
sion and chemical resistance. It has a positive effect on resin flow and cast behaviour 
as well as on reducing the need of pigment usage [1, p 63]. 
 
Zirconium silica (ZrSiO₄) can be used to prevent electrical conductivity, improve heat 
resistance, significantly decrease humidity absorption, and mould shrinkage. If used 
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with polyester resin, it can be used to accelerate the curing process. It can also be 
used as pigment [1, p 63]. 
 
Talc can appear in plate-, fibre-, needle-like or indefinite boulder form and in its purest 
form it is the softest known mineral. It has a cost reducing effect since it is a cheap 
substance. The usual shape used in plastic industry is plate-like and therefore it has a 
reinforcing effect on matrix plastics. With plate-like talc, higher stiffness and creep re-
sistance are gained in high temperatures than with any other filler with the same per-
centage used although it reduces impact resistance. Talc is not electrically conductive 
and has reduced thermal conductivity. It has also a reducing effect on polyester resins 
peak exotherm but on the other hand it increases the viscosity of resin even in small 
quantities [1, p 63]. 
 
As a resin mix-in additive aluminium oxide (Al₂O₃) improves electrical resistivity, heat 
conductivity, hardness and wear resistance. It is highly resistant to chemicals and has 
a low CTE and it can also be used in polyester and epoxy resins for slip prevention 
purposes [1, p 64]. 
 
Silica (quartz) is the most common of silicon chemical compounds. Its hardness has an 
abrasive effect on the tools used especially with thermoplastics though when used with 
thermosetting resins it improves electrical resistivity, dimensional stability and thermal 
conductivity. It has a very low CTE. Pyrogenic silica is the most common type of silicon 
compound used in thermosetting plastics and its particles are sphere-shaped whilst 
they have a strong effect on thickening and thixotropy. The effect on thixotropy is the 
reason why Pyrogenic silica is used with polyester, vinyl ester and epoxy to prevent 
them from flowing on steep angled or vertical surfaces. The negative side is that it 
causes resin-rich and resin-starved areas to appear on the part [1, p 64]. Common 
types of mineral fillers and their characteristics can be found in Table 4. 
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Filler Density 
[g/cm³] 
Hardness 
[Mohs] 
Particle size 
[µm] 
Colour Particle 
shape 
Calcium carbonate  
-calcspar, drygr 
-calcspar wetgr 
-precipitated 
Magnesium carbonate 
Calcium silicate 
-Wollastonite 
Kaoline 
 
2,7-2,8 
2,7-2,8 
2,6-2,7 
2,8-2,7 
 
2,9-3,0 
2,5-2,7 
 
2,5-3 
2,5-3 
2,5-3 
3,0-4,5 
 
4,5-5 
2-2,5 
 
5-75 
0,5-15 
0,05-2 
0,5-15 
 
0,5-30 
0,3-10 
 
white 
white 
white 
white 
 
white 
white, light 
brown 
 
cube, boul-
der 
 
 
 
fibre-like 
cube, boul-
der 
Mica 
Feldspar 
2,7-3,4 
2,6 
2,5-3 
5,5-6,5 
1-14 
0,3-90 
coloured 
white, trans-
parent 
plate 
cube, boul-
der 
Talc 
Silica (quartz) 
Pyrogenic silica 
Antimony trioxide 
2,4-3,0 
2,6-2,7 
2,1-2,2 
5,2-5,7 
1-2 
6,5-7 
5 
 
0,05-60 
0,5-40 
0,007-0,016 
0,8-2,5 
white 
gray 
white 
white 
flake, boul-
der 
sphere-like 
fibre-like 
Aluminium hydroxide 2,4 2,5-3,5 0,05-150 white boulder 
Microspheres 
-solid (glass) 
-shallow (lime ash) 
-shallow (synthetic) 
 
2,4-2,5 
0,3-0,85 
0,21 
 
5,5 
5 
 
 
5-800 
5-300 
10-180 
 
colourless 
gray 
white 
 
sphere 
sphere 
sphere 
Table 4. Common fillers and their characteristics [1, p 68-69]. 
 
It can be seen in Table 4 that the most common densities of fillers are below 3 g/cm³ 
and can be as low as 0,21 g/cm³ in case of synthetic microspheres. The hardness var-
ies from 1 – 7 in Mohs scale and the particle sizes vary widely from 0,007 – 800 µm. 
 
There are also several other types of fillers used that can be other minerals, glass in 
various forms, metallic and organic fillers as well. Metallic fillers are mainly used for 
decoration purposes but also sometimes for altering the attributes of the material. They 
provide the plastic with electrical and electromagnetic features and with friction reduc-
tion or radiation protection [1, p 65-66].  
 
Carbon black can be used to improve workability, electrical conductivity and to add UV- 
and thermal radiation protection and it comes in different shapes and sizes. With 
graphite powder it is possible to make a plastic part self lubricating though in great per-
centages graphite can reduce mould shrinkage. When combined with mineral fillers, it 
is possible to make thermoplastic parts with tight dimensional tolerances [1, p 66]. 
 
Organic fillers can be anything from wood flour to hemp and other fibres gained from 
plants. They can also be used as reinforcement and weight reduction though the nega-
tive side is that the quality of the organic fillers isn´t stable, they tend to absorb mois-
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ture and are susceptible to fungus and insect attacks. Organic fibres have the ability to 
provide the plastics with environmental friendliness which also makes the plastic easier 
to recycle [1, p 66]. An automotive application can be seen in Figure 6. 
 
 
Figure 6. Lotus Eco Elise with organic hemp fibre composite [17]. 
 
As seen in Figure 6 the organic fibres, in this case hemp, also provide the part also 
with certain appearance if desired. 
 
Although some plastics are naturally flame retardant, in many occasions specific fillers 
are used to prevent flammability and to control burn behaviour. Normally these func-
tions are gained by mixing chlorine-, bromine- or phosphor-including compounds with 
the resin. To reduce smoke formation, different zinc- and magnesium-compounds are 
used while the most commonly used as flame retardant is aluminium hydroxide [1, p 
66-67]. 
 
Different solutions can be found for improving electrical conductivity of plastic parts 
such as use of metallic fillers, fillers with metallic coatings or even metallic mesh. They 
can also provide radiation prevention and protect from static electricity whereas PAN-
based fibres also provide composites with same kinds of attributes since they conduct 
electricity [1, p 68-69]. 
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Fillers can also be pigments or colours thus when used in small amounts, their effect 
on the structural features remain minimal. Organic pigments can even prove useful in 
increasing weather, light and heat resistance. Usually the pigments and colours are 
mixed into the resin before moulding [1, p 70].  
 
A certain type resin mix-in additive is a release agent that helps demolding of parts 
after curing and it comes in liquid or powder form. They are mixed into the resin before 
moulding and they help to reduce cost and cycle times in automated processes. In 
hand lay-up the release agents are applied separately as a film or as in liquid form 
though they can have a negative effect on the physical aspects of the product when 
mixed into the resin. Typically release agents need heat for activation and are therefore 
suitable for heat enduring moulds. Typical mix-in curing agents are different stearates, 
stearic acid and alkaline phosphate in liquid form and soap, wax or silicone oil. The 
structural effects of fillers on thermoplastics can be found in Table 5.  
 
Thermoplastic 
/ Filler 
Filler per-
centage 
[wt%] 
Density 
[g/cm³] 
Tensile 
strength 
[MPa] 
Tensile 
modulus 
[MPa] 
Elongation 
at brake 
[%] 
HDT 
[°C] 
PE-LD 0 0,92 10 210 500 35 
Calc. chl. 40 1,26 16 900 220 - 
Talc 30 1,14 16 600 40 - 
Mica 30 1,16 13 440 46 - 
PE-HD 0 0,95 27 1400 over 500 50 
Calc. chl. 30 1,17 20 1900 9 - 
Kaoline 40 1,24 26 2000 11 - 
PVC (rigid) 0 1,36 60 2700 6-10 - 
Calc. chl. 30 1,53 46 3200 8 - 
Calc. chl. pre. 15 1,45 30-47 3100 6 - 
Talc 20 1,48 34 3500 6 - 
POM 0 1,41 63 2700 45 101 
Talc 30 1,64 61 8600 3 - 
PS 0 1,05 55 3800 4 86 
Calc. chl. 30 1,3 15 2000 2 - 
Talc 40 - 39 2600 1,6 - 
PA6 0 1,13 64 1200 220 80 
Calc. chl. 30 1,35 50 3000 30 60 
PA610 0 1,19 60 1900 85-300 - 
Talc 20 1,23 60 4000 5 - 
Table 5. Structural effects of fillers on thermoplastics (1, p 72). 
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As seen in Table 5 the structural benefits gained with typical fillers are mainly in the 
area of tensile modulus and therefore the most notable benefits are cost reduction and 
improvements in other features such as flame retardance etc. Table 6 shows filler per-
centages in thermosetting plastic –based filler compounds and pastes, as instructed by 
Gurit Ltd. 
 
Filler Filler percentage of resin curing-agent 
mix (wt %) 
Phenol microspheres (50 µm) 25-30 
Glass micro spheres (40-80 µm) 35-40 
Pyrogenic silica 2-5 
Table 6. Filler percentage in resin curing agent –mix [1, p 73]. 
 
The resin – curing-agent mix described in the Table 6 is an example of a general recipe 
that has to be tailored according to the application. 
 
In the future nanoparticles can play a significant role in plastics in filler and reinforce-
ment purposes. They can be resourced from different materials such as metals, poly-
mers and chemicals and if mixed in matrix plastics they can provide the composite with 
many of the same functions as other fillers. Nanoparticles can be mixed into both ther-
mosetting and thermoplastics and they can be used with or without other additives. 
Carbon nanotubes are fullerene-like and they come in sizes ranging from 1-6 µm in 
diameter whilst a hundred times stronger than regular steel but at the same time the 
weight approximately one sixth of a steel particle of the same size. Nanotubes can be 
used for reinforcing as well as a semiconducting or conducting material in the matrix 
plastic. 
2.2.3 Solvents 
 
Solvents are normally used for controlling the viscosity of solvent based resins and for 
tool and mould cleaning purposes. Solvents are usually harmful and that is why per-
forming the recommended safety measures should be taken care of. There are sepa-
rate types of solvents for cleaning purposes according to the resin used and the com-
patibility must be checked from the supplier prior use. Same goes for using solvents as 
resin thinners [25]. 
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2.2.4 Curing Agents 
 
Curing agents are used for enabling the actual resin curing process. For polyesters, 
organic peroxides are used and the most common of which is ketone peroxide. Vinyl 
esters can use the same curing agents as polyesters. Commonly maleic anhydrides 
are used in case of epoxies. Usually resin providers have certain curing agents that are 
designed for the resin system to be used. 
2.2.5 Fibres and Reinforcements 
 
There are two main types of carbon fibres used in CFRPs; one is PAN-based and the 
other is pitch based. The PAN based fibres are more expensive but then again easier 
to work with since the pitch based fibres are stiffer and more fragile [1, p 81].  
 
The reinforcing fibres can be discontinuous or continuous of which the discontinuous 
types are used in compounds for techniques such as SMC, BMC and RRIM. The 
aforementioned techniques are described in the corresponding chapters. Usually con-
tinuous fibres are used in the raw in techniques like pultrusion and winding. Commonly 
the continuous fibres are applied so that they form different types of woven, braided or 
unidirectional fabrics [1, p 127]. A table of fibres and their attributes can be seen in Ta-
ble 7. 
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Carbon Fibre 
Tensile 
Strength 
[GPa] 
Tensile 
Modulus 
[GPa] 
Density 
[g/cm³] 
Tow weight 
[mg/m] 
Cross-sectional 
area [mm²] 
Elongation at 
brake [%] 
Filament 
diameter [µm] 
PAN-based: 
       
Grafil 34-700-12K 4,83 234 1,8 800 0,444 2 7 
Grafil 34-600-48K 4,5 234 1,8 3200 1,776 1,9 7 
Pyrofil TR30S-3K 4,9 235 1,79 
    
Pyrofil TR50S- 6K/12K/15K 4,9 
235/ 
240/ 
240 
1,82 
400/ 
800/ 
1000 
0,223/ 
0,440/ 
0,550 
2,1/ 
2,0/ 
2,0 
7 
Pyrofil TRH50-12K/18K 
4,9/ 
5,3 
255/ 
250 
1,81/ 
1,82 
800/ 
1000 
0,442/ 
0,549 
1,9/ 
2,1 
7 
Tenax HTA40-1K/3K/6K 3,95 238 1,76 
67/ 
200/ 
400 
 
1,7 7 
Tenax HTS40-12K/24K 4,3 240 1,77 
800/ 
1600  
1,8 7 
Tenax UTS50-12K/24K 
4,8/ 
5,0 
240/ 
245 
1,79 
800/ 
1600  
2,0/ 
2,1 
7 
Torayca T300-3K/6K/12K 3,53 230 1,76 
198/ 
396/ 
800 
 
1,5 
 
Torayca T700SC-12K/24K 4,9 230 1,8 
800/ 
1650  
2,1 
 
Panex 35-50K 3,8 242 1,81 3703 
  
7,2 
Pyrofil MR40-12K 4,41 295 1,76 600 0,34 1,5 6 
Pyrofil MR60H-24K 5,68 290 1,81 960 0,464 2 5 
Tenax IMS60-24K 5,6 290 1,8 830 
 
1,9 5 
Torayca T800HB-6K/12K 5,49 294 1,81 
223/ 
445  
1,9 
 
Pyrofil MS40-12K 4,41 345 1,77 600 0,34 1,3 6 
Pyrofil HR40-12K 4,41 395 1,82 600 0,329 1,2 6 
Pyrofil HS40-12K 4,61 455 1,85 430 0,232 1 5 
Tenax UMS40-24K 4,56 395 1,79 800 
 
1,1 4,8 
Tenax UMS45-12K 4,5 430 1,81 385 
 
1,1 4,7 
Torayca M40JB-6K/12K 4,4 377 1,75 
225/ 
450  
1,2 
 
Torayca M50JB-6K 4,12 450 1,88 216 
 
0,9 
 
Torayca M60JB-3K/6K 3,82 588 1,93 
103/ 
206  
0,7 
 
Pitch-based: 
       
Dialead K1352U-2K 3,6 620 2,12 270 
 
0,6 
 
Dialead K1392U-2K 3,7 760 2,15 270 
 
0,5 
 
Dialead K13D2U-2K 3,7 935 2,21 365 
 
0,4 
 
Table 7. Carbon fibre comparison. Figures are taken from the suppliers brochures. 
 
It can be seen in Table 7 that the pitch-based fibres are usually heavier and have a 
higher tensile modulus and are therefore more suitable for applications where static 
loads are present. 
2.2.6 Semi-finished Products 
 
In hand lay-up process as well as in some automated processes semi-finished prod-
ucts are normally used to achieve high reinforcement percentages and ease of use. 
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The reinforcing fibres can be continuous as in fabrics or in discontinuous form as in 
moulding compounds and surface mats. Sometimes it is suitable to place each fibre 
filament separately to the mould to achieve directed stress distribution whereas there 
are also products that have both the resin and the fibres already bound together. 
2.2.6.1 Fabrics 
 
Fabrics can be woven or non-woven and can be unidirectional or multidirectional. Uni-
directional fabrics are often laid on top of each other to form a multiaxial laminate struc-
ture. If directional structural attributes are not sought, surfaced mats made of discontin-
uous fibres can be used. In some applications both types of fibres can be combined [1, 
p 127]. 
 
Typically filaments in a fabric are bound together either mechanically or chemically by 
stitch bonding, needling or felting either with needles or water. Chemical binding meth-
ods usually take advantage of resins and that is why the binder should be chosen so 
that it is compatible with the matrix plastic [1, p 127-128]. The fabrics can incorporate 
thermoplastic binders so that the fabric can be conformed to the mould surface by ap-
plying heat. 
 
Surface mats are typically used to control surface quality but they are not suitable for 
use in carbon-look applications. Woven fabrics are normally used for reinforcing pur-
poses and in carbon-look applications [1, p 127-128]. 
 
Woven fabrics can be unidirectional or multidirectional where the former have most of 
the filaments in one direction whereas the latter can have the filaments in two or more 
directions. The surface density of CF fabrics can vary from 90-900 g/m² depending on 
desired attributes [1, p 128-129].  A table of correspondence of weave types and their 
attributes can be found in Table 8. 
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 Stability Formability Surface 
smoothness 
Resin wettabil-
ity 
Plain weave 
Basket weave 
Twill weave 
4 h. satin 
5 h. satin 
8 h. satin 
Good 
 
 
 
 
Bad 
Easy 
 
 
 
 
Difficult 
Rough 
 
 
 
 
Smooth 
Slow 
 
 
 
 
Fast 
Table 8. The correspondence of weaves and their attributes [1, p 129]. 
 
As seen in Table 8 the smoothest surface can be brought up by using 8 harness satin 
weave whilst it is the most difficult to form and has bad stability. Different weaves have 
their own structural features and specific appearances as well. The usual types of 
weaves can be found in Figure 7. 
 
 
Figure 7. Common types of weaves [19]. 
 
The weaves seen in Figure 7 have all of the filaments in directions 0° / 90° whereas 
double bias fabrics have the reinforcements in for example +45°/-45° angles.  
Plain weave
(directional)
Plain weave
(even-sided)
Basket weave
Twill weave                 5 harness satin       
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It is also possible to have the filaments in more than just two directions. These multiax-
ial fabrics can be manufactured by bonding fibre filaments together with the same 
methods that are used in the formerly mentioned fabrics. Common quadraxial fabric is 
formed of four layers of unidirectional yarns bound together with needling or stitch 
bonding using flexible binder yarn. The four layers can have the reinforcements for 
example in directions like 0°/+45°/-45°/90° and this kind of fabric is often called quasi-
isotropic. The advantage gained is that the yarns do not cross each other and the lay-
ers can be arranged in any desired direction and it is possible to customize these fab-
rics by fitting additional layers as well to achieve the preferred functions. The multiaxial 
fabrics can be used in hand lay-up, RTM and other infusion techniques [1, p 131]. 
2.2.6.2 Prepregs 
 
Prepregs consist of a fabric that is preimpregnated (preimpregnated) with resin. The 
fabric can be of any desired form of woven to non-woven forms. The advantages are 
that prepregs already contain the required amount of resin and have a high percentage 
of reinforcements thus minimum level of scrap and high levels of structural features are 
gained [20, p 196-197]. The down side is that the when prepregs are cured in an auto-
clave the cycle times are slow and the part size is highly restricted by the autoclave 
chamber.  
 
Prepregs can also be a formed of separate layers of reinforcement fabrics, incorpo-
rated with a resin film between the layers and the resulting products are also some-
times called semi-pregs. The advantage gained is good surface quality and that the 
part can be cured in an oven [18, p 90]. See Gurit Sprint CBS system for an example. 
2.2.6.3 Preforms 
 
Preforms are semi-finished products commonly made of fabrics that are cut to shape 
and then bonded mechanically by sewing or chemically to form a preform structure that 
is commonly shaped in a mould by heating and compressing. Preforms can incorporate 
inserts and other additional elements thus speeding up the manufacturing process 
whilst increasing fibre content and improving structural aspects. Preforms are typically 
used in RTM, VA-RTM and SRIM applications among others, in structural applications. 
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2.2.7 Core Materials 
 
Core materials are used in sandwich structures, normally in panel-like structures. Typi-
cally they are in a foam form except for materials like balsa and honeycombs whereas 
syntactic foam consists of resin-microsphere mix. The core materials are applied be-
tween the reinforcing fabrics to make the parts lighter and thicker thus improving bend-
ing and shear strength. Common features and requirements for sandwich panels are: 
 
 good weight specific stiffness and tensile strength 
 low weight 
 easy manufacturability 
 heat or noise insulation 
 
The core materials have to also meet the requirements of the application, such as wa-
ter and fire resistance demands. Other requires features can be the ease of shaping, 
load bearing abilities, bonding methods and cost. Some examples of materials and 
their main characteristics can be found in Table 9. 
  
Material Density 
[kg/m³] 
Service 
temp. 
range 
[°C] 
Comp. 
Strength 
[MPa] 
Comp. 
modulus 
[MPa] 
Tensile 
strength 
[MPa] 
Tensile 
modulus 
[MPa] 
Shear 
strength 
[MPa] 
Shear 
modulus 
[MPa] 
PVC (Gurit 
PVCell) 
60-200 -200 - 
70 
0,9 – 
4,8 
65 - 300 1,8 – 
6,4 
72 - 300 0,78 – 
3,5 
21 - 80 
PUR 
(Hexcel 
Modipur 
US 569 B)  
150 up to 
170 
2,05 77 1,26 94 1,02 35 
SAN (Gurit 
T-foam) 
71 - 
143 
up to 
100 
0,88 – 
28,5 
62 - 209 1,3 – 
2,62 
85 - 196 0,81 – 
1,93 
28 - 70 
Syntactic 
foam 
(AMLITE 
LT64A) 
540 - 
660 
up to 
130 
- - 28 2300 - - 
Balsa 
(Gurit 
Balsaflex) 
110 -
220 
-60 - 
150 
10,1 – 
17,5 
3230 – 
5200 
9,4 – 
13,8 
2230 – 
3930 
2,0 – 
4,3 
146 - 
206 
Table 9. Examples of core materials and their attributes [35; 36; 37; 38; 39] 
 
As seen in Table 9, balsa has supreme qualities compared to most of the other materi-
als although since it is an organic material it is susceptible to fungus and insect attacks. 
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The organic nature of balsa also means that it is hard to achieve balsa core with uni-
form quality and structure. 
 
Another category of core materials is honeycombs. They can be made of many differ-
ent materials mainly by bonding thin sheets together and expanding the bonded struc-
ture to a honeycomb form or by using corrugated sheets that are bonded together. 
Commonly a sheet is also placed on faces of the honeycomb. An example of alumini-
um honeycomb manufacturing process can be seen in Figure 8. 
 
 
Figure 8. Manufacturing process of aluminium honeycomb [40]. 
 
As seen in Figure 8 the aluminium honeycomb is simple and light whilst providing the 
application with good structural integrity. When using metallic honeycombs with CFRP 
it must be noted that carbon fibre causes corrosion on the metals and it is therefore 
suitable to use metallic honeycombs that are coated with corrosion resistant coating. 
For example Excel provides their aluminium honeycombs with three different corrosion 
resistant coatings [40]. 
 
Honeycombs can also be made of aramid, fibreglass or other fibres in plastic matrix. A 
comparison of honeycomb materials can be found in Table 10. 
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Material Density 
[kg/m³] 
Crush 
str 
[MPa] 
Compressive 
strength 
Plate shear strength 
Stabi-
lized 
[MPa] 
Mod 
[MPa] 
L-Direction W-Direction 
Str 
[MPa] 
Mod 
[MPa] 
Str 
[MPa] 
Mod 
[MPa] 
Alumini-
um 
34-200 0,17-
8,3 
0,14-15 69-
6200 
0,22-
8,6 
83-
1400 
0,14-
6,9 
48-450 
Aramid 40-140 - 0,52-12 41-620 0,31-
3,7 
14-262 0,16-
2,1 
6,9-120 
Glass 
fibre 
51-190 - 0,72-14 90-
1800 
0,50-
5,6 
28-380 0,28-
3,6 
17-190 
Table 10. Comparison of honeycomb materials [40]. 
 
The data in Table 10 is acquired from Hexcel’s material datasheets and represents the 
range of minimum figures of each attribute. It can be seen in the table that aluminium 
honeycomb has both the lowest and the highest densities but on the other hand glass 
fibre types have the best compressive strength. Due to structural differences in direc-
tions L and W the shear strength can vary significantly and must therefore be taken into 
consideration when the honeycomb is applied to the sandwich structure. 
2.2.8 Inserts  
 
Inserts in composite panels help in attaching the part to other parts by providing the 
composite panels with mechanical joining ability. The main requirements for inserts are 
due to corrosion factors and the differences in CTE between the jointed parts. This is 
the case especially when CFRP parts are joined to metallic parts such as steel or alu-
minium parts. The choices are to use corrosion resistant coatings or plastic sleeves in 
the inserts and corrosion resistant solution between parts when the CFRP part is at-
tached to the metallic part [18, p 186]. In case of sandwich panels the surrounding area 
might have to be reinforced by means of filling honeycomb cells with the matrix resin or 
in other suitable way. A typical assembly of an insert in a honeycomb structure can be 
seen in Figure 9. 
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Figure 9. An insert in a honeycomb structure [41]. 
 
The insert type seen in Figure 9 is a thru-rivet plug and sleeve assembly from Alcoa´s 
catalogue that has a flush-type head. More examples of inserts for mechanical joining 
can be found in Appendix 4. 
2.3 Storing 
 
Depending on the product the storing requirements vary in conditions and storing time. 
The resins and raw fibres can usually be stored in room temperature whereas e.g. pre-
pregs require storing temperatures below zero degrees Celsius. The appropriate condi-
tions can be seen in the material data sheet provided by the supplier. Examples of stor-
ing conditions can be seen in Table 11. 
 
Product Temperature [°C] Storing time 
Gurit Sprint ST 85 -18  
+18-22 
two years  
two weeks 
Hexcel 3501-6 
(prepreg) 
-18  
+4  
+18-22 
12 months 
four months 
10 days 
HexFlow RTM6-2 
(2-component RTM 
resin) 
+5 (before mixing) 
-18 (max 5 kg can, 
after mixing) 
+23 (after mixing) 
12 months 
nine months 
 
max 15 days 
Gurit Ampreg 22 
system 
(resin and hardener) 
+10-25 two years 
Gurit SF 70 Tough-
ened Surfacing Film 
-18 
+18-22 
two years 
four months 
Gurit Eposeal 300 
(gelcoat) 
+10-25 two years 
Table 11. Storing condition examples [42; 43; 44; 45; 46]. 
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As seen in Table 11 most of the products have a long shelf-life in -18 °C and thus re-
quire storing in a freezer whereas e.g. resins have their suitable storing temperature 
above zero degrees. It can also be noted that the shelf-life decreases dramatically 
when the optimal temperature is altered especially towards higher levels. 
2.4 Suppliers 
 
Suppliers for different sectors of the CFRP manufacturing are listed in this section 
whether know-how, primary materials or equipment are sought. Examples of suppliers 
and their lines of expertise can be seen in Table 12. 
 
Supplier Services Expertise Closest location 
Kevra Oy Material and equip-
ment distributor, en-
gineering services, 
training 
Raw materials, 
equipment 
Finland 
KG Enterprise Oy Material and equip-
ment distributor, en-
gineering services, 
training 
Raw materials, 
equipment 
Finland 
Jacomp Oy Material and equip-
ment distribution, 
engineering services 
Raw materials, 
equipment 
Finland 
Bang & Bonsomer 
Ltd. 
Material distribution Chemicals Finland 
Composite Solu-
tions and Innova-
tions Oy (CSI) 
Parts manufacturing, 
engineering services, 
training 
RTM, Compression 
moulding, Hand lay-
up 
Finland 
Gurit UK Ltd. Material and equip-
ment distribution, 
parts manufacturing, 
engineering services, 
training 
Raw materials, 
Equipment, Class A 
panels, RTM, Auto-
clave, Prepreg lay-
up, Vacuum mould-
ing, Compression 
moulding, Ther-
moforming 
United Kingdom 
Hexcel  Material and equip-
ment distribution, 
parts manufacturing, 
engineering services, 
training 
Raw materials, RTM, 
Autoclave, Prepreg 
lay-up, Vacuum 
moulding, Compres-
sion moulding 
Austria 
Table 12. Examples of suppliers. 
 
As seen in Table 12 the suppliers in Finland offer training in addition to their other ser-
vices. Although not listed in the table number 12 there are a large number of service 
providers all around Europe that can provide with a wide range of services from raw 
materials to finished parts and processing equipment. 
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3 Equipment 
 
Common equipment for mould building, curing, surfacing and mechanical tooling are 
introduced and presented in this chapter. 
3.1 Moulds and Models 
 
Mould building requires knowledge of the part to be built and of the manufacturing pro-
cess to be used. The common aspects to be taken into account in mould designing are 
as follows [1, p 199]: 
 
 size of the series 
 curing temperature 
 mould pressure 
 dimensional accuracy and thermal expansion 
 thermal conductivity 
 the weight and stiffness of the mould 
 cost 
 special requirements of manufacturing techniques 
 
The right ways of mould making have strong effects on the parts to be manufactured as 
well as in the serviceable life of the moulds not forgetting the economical aspects [1, p 
199]. 
3.1.1 Models 
 
When making a mould, a model is often used to aid the process. The material for mod-
el making should be cheap, easy to shape and have a good dimensional stability. The 
model does not necessarily have to be highly durable since it is not likely to make 
many moulds out of one model. The modelling materials for open moulds can be for 
example [1, p 199]: 
 
 wood 
 clay 
 plaster 
 resin paste 
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 foam 
 
Plastics can also be used as castings, laminates or in tooled form. Cell foam plastics 
are as well used and there are also some specific model making materials. They are 
normally urethane- and epoxy – microsphere compounds whereas graphite can be 
used when high pressure curing is needed [1, p 199].  
 
The higher mould pressures in closed mould techniques require high strength moulds. 
Moulds used in these applications are normally made of metals and manufactured 
without a model by mechanical tooling which in turn makes them durable but then 
again pricy [1, p 199]. 
3.1.2 Moulds 
The mould material should be chosen according to the manufacturing technique to be 
used where the lowest requirements are in hand lay-up and low temperature methods 
and the highest in closed mould high pressure and temperature techniques. The princi-
pal criteria for the mould material are good wear resistance and temperature endur-
ance thus it is advisable to have the moulds made out of a material that has CTE close 
to that of the part to be produced which in turn helps preventing dimensional defor-
mations in the parts [1, p 199]. 
 
The moulds used for manufacturing small parts can be made of casted thermosetting 
plastics, commonly epoxy which is suitable for the application since it has moderate 
cure shrinkage. With different fillers and additives, epoxy resin can be modified for im-
proved wear resistance, reduced weight and cure shrinkage and to manipulate CTE. 
Because CTE of pure resin is high, it is not suitable for big moulds [1, p 199].  
 
One solution for making a mould is first making a rough basis for the mould from poly-
styrene and then coating it with epoxy paste that can be machined. After machining the 
mould gains its correct shape and thus can be finished for moulding parts. The ad-
vantage gained is that the mould is light and relatively easy to manufacture though on 
the other hand the polystyrene foam has reduced temperature endurance. If higher 
temperatures occur during the manufacturing process of a part a laminate of higher 
temperature endurance can be used between the polystyrene foam core and the epoxy 
paste. Thereby the polystyrene core can be removed before curing a part while still 
retaining the rigidity of the mould. 
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Silicone moulds can be used especially in prototype parts made with compression 
moulding since the method is fast and the mould making is easy and the material is 
cheap. The method requires a vacuum chamber to achieve the best results. 
 
Reinforced plastics can often be used as an open mould building material of which the 
most used types are GFRP and CFRP materials. For manufacturing CFRP parts, the 
CFRP moulds are the more common and normally incorporate epoxy resin. The mould 
and the parts have a similar CTE which in turn helps in dimensional accuracy and that 
is why even parts with complex shapes can easily be manufactured. The moulds are 
more expensive compared to GFRP moulds, but are lighter and easily heated. They 
can even be used in autoclave when a suitable high temperature resistant resin is used 
[1, p 200-201]. A schematic for producing laminated mould can be seen in Figure 10. 
 
 
Figure 10. FRP mould making schematic [1, p 201]. 
 
As seen in Figure 10 the process of making a mould of FRP resembles to lay-up of the 
actual laminate and results in a thin and light mould that is easy to work with.  
 
One thing to be considered when using laminated moulds is their anisotropic nature 
that for example can be seen as the differences in CTE between the direction of lami-
nate plane or in the perpendicular direction. This can cause deformations in high tem-
peratures which can be avoided to some extent by laminating the mould from smaller 
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pieces so that the reinforcements are not continuous throughout the mould. Special 
mould techniques and different resins can also be used to prevent deformation. Some-
times interlaminar micro scale fractures are caused by temperature cycles that in turn 
reduce the service life of the mould [1, p 201].  
 
When the series size increases the durability of the mould becomes more important 
thus metallic moulds are used. They are expensive and therefore the mould can be 
coated with metal. The metal coating can be either sprayed or applied by electrolysis 
and then reinforced with plastics, concrete or other inexpensive materials. In aforemen-
tioned techniques the advantages gained are durable moulds that are cheaper than the 
metallic ones while the down side is that when the metallic surface is sprayed the result 
is a somewhat porous surface that doesn´t suit all appearance requirements. In case of 
electrolysis coating, the surface becomes smooth but the technique is slow and re-
quires skilled workers. These moulds made with metallic coating are suitable for proto-
type series, in case of sprayed coating, and for series production in case of electrolytic 
coating [1, p 201-202].  
 
Ceramics can also be used as mould making materials. Conventional casted ceramics 
can be used as prototype mould materials where high curing temperatures are present. 
In addition to the heat endurance of the material it also has a low CTE and it is simple 
to work with but it results in porous surface and therefore needs to be treated. The 
moulds are also thick walled and are therefore heavy and slow to heat [1, p 202-203]. 
The ceramics can be used as a matrix instead of plastics and are normally reinforced 
by carbon fibres thus durable, thin-walled and low CTE moulds can be made. In high 
temperature cure processes also chemically fixed ceramics such as SiC matrix with 
ceramic and/or metallic particles can be used. These moulds are durable, light, fast 
heated and since they are isotropic, have excellent endurance for temperature changes 
[1, p 203]. 
 
In large scale series production, metallic moulds still prove to be the most suitable ma-
terials that can withstand high temperatures and pressures. The most typical mould 
materials are steel and aluminium of which aluminium is normally used in prototype 
and small series production in compression moulding techniques. It is cheap, but the 
softness of the surface and porosity, especially when it comes to casted aluminium, 
restrict its use in high pressure and large series production [1, p 203]. 
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Steel is the most common mould material used in high temperature and pressure ap-
plications since it is dimensionally accurate and highly durable. On the other hand the 
high density of the material makes the moulds heavy and difficult to handle. Slow 
speed and high cost of tooling make the moulds expensive whereas the production and 
delivery can easily take months [1, p 203].  
 
In dimensionally accurate high temperature applications Invar is commonly used as the 
mould material for series production and cast kirksite for prototype series. Invar has a 
low CTE whilst having exceptional wear endurance whereas cast kirksite alloy has the 
benefit of being reusable [1, p 203].  
 
Graphite can also be used as a mould building material. Touchstone Research Labora-
tory has developed CFOAM carbon foam that can be used for mould building purposes 
and they claim it to have lower CTE and fabrication costs compared to Invar whilst be-
ing able to be used as an alternative to it. The tools made from CFOAM are light and 
easy to modify and repair while it also carries improved performance durability and 
increased part throughput since the moulds are light weighted [27]. A comparison of 
mould materials can be seen in Table 13.  
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Table 13. Comparison of mould building materials (1, p 204-205). 
 
As seen in Table 13 the choice of mould building material is always a compromise be-
tween attributes and must therefore be carefully chosen according to the application. 
The cost structure of moulds made of common materials can be found in Figure 11. 
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Figure 11. Cost structure of moulds of different materials [1, p 204] 
 
It can be seen in Figure 11 most of the moulds price is due to material costs whereas in 
case of steel moulds the labour and equipment play a significant role in cost structure. 
Also the cycle life of moulds is one thing to be taken into consideration and a chart on 
the matter can be seen in Figure 12. 
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Figure 12. Cycle life of moulds of different materials, *reinforced, **sprayed metal [1, p 20]. 
 
As seen in Figure 12 the smallest cycle life is experienced with plaster moulds and on 
the other hand steel and other metallic moulds have the highest cycle life. 
3.1.3 Mould Structures Listed by Manufacturing Technique 
 
Main principles of mould designs can be found in this chapter. 
3.1.3.1 Open Moulds 
 
Open moulds are commonly used in hand lay-up and spray-up techniques where they 
can be either male or female moulds and can consist of one or more parts. Usually 
moulds are made of multiple parts when the shape of the mouldable part is complex. 
Typically a release angle of couple of degrees and moderate chamfers are good basic 
rules of designing [1, p 206]. 
 
Usually low temperatures and pressures are present when open moulds are used and 
that is why the most suitable materials are GFRPs based on polyester or epoxy. For 
small parts the mould materials usually do not need reinforcements whereas bigger 
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moulds typically use stiffeners or consist of a sandwich structure. The moulds might 
have a need for thickening to prevent read-through of stiffeners [1, p 206]. 
 
The laminates used in the moulds are commonly quasi-isotropic along the laminate 
plane. To reduce cost and speed up the lay-up process, fillers can be used in the 
mould material. On the mould surface a specific mould gelcoat can be used that is thick 
and hard and therefore can easily endure sanding. A layer of reinforcements can after-
wards be applied, such as a surface mat or thin fabric as it improves the surface quality 
and prevents read-trough of the reinforcements in the part to be manufactured [1, 206].  
 
Vacuum injection moulds can be of the same kind as the hand lay-up moulds though in 
addition wider flanges must be used in the edges of the mould to provide enough 
space for the vacuum bag and resin inlet fitting. The mould has to be perfectly sealed 
which can be tested by applying vacuum to it before the actual lay-up process. If a flex-
ible counter mould is used, it can include the required sealants and resin inlets and 
therefore speed up the lay-up process significantly [1, p 206].  
 
A mould can also be made with 3D-printer which reduces the required fabrication time 
from nearly two weeks to a couple of days and thus greatly decreases the time con-
sumed in mould designing [34]. Surface quality can be good, though it is recommended 
for the mould to be sanded prior use. 
3.1.3.2 Other Moulds in Brief 
 
Table 14 provides with information of moulds in brief for other than hand lay-up. 
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Technique Mould material Heating Other 
Compression 
moulding 
FRP, cast resin, 
metal coat, me-
tallic mould, 
ceramics 
Through clamp-
ing elements or 
heated mould 
In cold compres-
sion, no heating.  
SMC FRP, cast resin, 
metal coat, me-
tallic mould 
Through clamp-
ing elements or 
heated mould 
No cooling re-
quired 
RTM FRP, metal coat, 
metallic mould 
Through clamp-
ing elements or 
heated mould 
High pressures 
RIM FRP, cast resin, 
metal coat, me-
tallic mould 
Through clamp-
ing elements or 
heated mould 
Low pressures 
Prepreg (auto-
clave) 
FRP, cast resin, 
metal coat, me-
tallic mould, 
ceramics 
Through air (au-
toclave) 
Heating ramp-
up, mould in-
cludes multiple 
parts 
RFI, Prepreg 
(non-autoclave) 
FRP, cast resin, 
metal coat 
Through air (ov-
en) 
Open mould, 
vacuum bag 
Pultrusion Metallic moulds, 
mainly steel 
Heated mould 
elements 
High tempera-
ture and pres-
sure 
Table 14. Information of moulds in brief [1, p 206-214]. 
 
In Table 14 most of the techniques can use FRP moulds for prototype series produc-
tion whereas metallic moulds are mainly used in series production. The heating method 
also sets some requirements to the mould design since they need to incorporate heat-
ing elements in some cases. 
3.2 Curing 
 
Curing can be carried out in room temperature but in most cases requires certain 
equipment. The main types are ovens, electrical and liquid heating systems and some-
times microwaves are also used.  
 
The basic components of an electrical system are heating wires or cartridges, tempera-
ture sensors and a control interface. SPE Automotive has researched heating through 
CF reinforcements in the part where the reinforcements are attached to an electrical 
wire and then electricity is conducted through the fibres and thus heating the laminate. 
This enables efficient heating by restricting the heating to the part itself [28]. Certain 
types of electrical heating apparatus can be found in Figure 13. 
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Figure 13. Electrical heating equipment [28, 29]. 
 
As seen in Figure 13 the part can be cured with a variety of equipment. The first one is 
a heating cartridge that can be applied to the mould structure as well as number two 
which is a tubular heater. The tubular heater can be bent to a desired shape so that in 
can be used even in a complex shaped mould. The number three is the SPE Automo-
tives´ heating system which heats the laminate through the reinforcements. 
 
There are also liquid systems that can use either oil or other liquid and can incorporate 
cooling as well. The main parts are heating/cooling ducts, temperature sensors, circula-
tor, heater and control interface. For example Tricool Thermal can provide with follow-
ing equipment [30]: 
 
 water heating system, up to 95°C 
 pressurised water heating system, up to 160°C 
 oil heating system, up to 350°C 
 
Electrical and liquid heating elements can both be applied to the mould or to the clamp-
ing devices. The electrical heating device can also be a film that is applied on top of a 
laminate in an open mould while in all cases suitable insulation has to be taken care of. 
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Oven curing is commonly used with open moulds and usually a vacuum bag is also 
used to debulk excess air from the laminate. Autoclave is a combination of pressure 
chamber and an oven whilst both oven and autoclave heat the laminate commonly 
through convection. The main differences between oven and autoclave curing can be 
seen in Table 15. 
 
 Pressure Temperature Cost of 
equipment 
Moulds Notes 
Autoclave High  High High Multiple 
parts, ex-
pensive 
High sur-
face quality 
on both 
sides 
Oven Low Low Relatively 
low 
Open 
mould, 
cheap to 
expensive 
Vacuum 
bagging, 
only one 
high quality 
surface 
Table 15. The main differences between autoclave and oven. 
 
As seen in Table 15 the oven curing is less expensive since it uses cheaper equipment 
and both lower pressure and temperature. Nowadays even parts cured in oven can 
have excellent surface quality and high percentage of reinforcements while cheaper 
and faster to manufacture than parts made in autoclave. 
3.3 Surfacing 
 
Surfacing can be carried out with suitable coating and sanding and there are also sur-
facing films that do not need further refining. The coating can be resin-like filler, mostly 
epoxy or polyester based, or surfacer paint. Sanding should be carried out between 
layers of filler or surfacer. Sanding paper grades commonly used are as follows [1, p 
102]: 
 
 before painting, grades 180-220 
 after filling, grades 80-120 
 between surfacer paint layers, grades 180-220 
 after surfacer and before topcoat, grades 220-600 
 If required more finer grades are used before topcoat, grades 1200-1600 
 
The resemblance of different types of sanding papers can be found in Table 16. 
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Water sanding paper 60 100 120 220 320 400 800 1200 
Dry sanding paper  80 100 180 280 400   
Sand paper  80 90 100 180    
Table 16. Resemblance of different sanding papers [1, p 103]. 
 
As seen in Table 16 the sanding paper grades differ from each other and thus must be 
chosen according to specified grade or its equivalent. 
 
The surface should always be cleaned before applying a surfacing layer or after sand-
ing. The easiest way to determine whether the surface is free of contaminants is by 
pouring water on it. If the water generates droplets, there are still contaminants on the 
surface. Water is also used for removing dust from the surface and afterwards care 
should be taken that the surface is clean and dry after surfacing [1, p 102].  
 
Surfacing films are useful for quickly gaining a smooth surface finish and as an exam-
ple 3M provides with Scotch-Weld Low Density Composite Surfacing Film AF 325 that 
is applied straight to a release agent treated mould surface. The film is designed to be 
used especially with prepreg lay-up and is compatible with most epoxy resins [31]. 
 
One sort of surfacing film is a peel ply that is commonly used when the laminate is to 
be secondarily bonded to another part. The peel ply gives the part a special textured 
surface that is ideal for bonding and it is designed to be peeled off from the surface 
after curing. Peel plies are used with parts made by hand lay-up for best results, since 
they tend to absorb resin from the laminate. Some prepreg peel plies or finely woven 
sheets are developed to prevent resin absorption [32] when needed. An example of 
peel ply can be seen in Figure 14.  
 
 
Figure 14. A roll of peel ply [32]. 
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In Figure 14 the red warp in the peel ply helps the detection in cured part. An example 
of a parts surface after removing the peel ply can be seen in Figure 15. 
 
 
Figure 15. Parts surface after removing the peel ply. 
 
As seen in Figure 15 the finished part gains a textured surface after the use of peel ply 
which in turn improves the adhesion between bonded parts. 
3.4 Machining 
 
Almost all of the same methods that are used with metals are also used in machining 
CFRP parts. The main difference is in the behaviour of the part to be machined since 
the material is not homogenous and the fibres tend to have high abrading effect on the 
tools made of conventional materials. To achieve best results, special tooling must be 
used for composite parts. Several other important matters when tooling composites are 
[1, p 214]: 
 
 waste matter must be removed properly, since it often consists of small parti-
cles especially when grinding and cutting  
 when cutting a laminate, it should be supported adequately 
 cutting speed should be slow enough to prevent delamination 
 the heat build-up in the laminate during tooling processes must be noted since it 
can damage the laminate 
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3.4.1 Cutting 
 
Cutting equipment can be a band saw or a circular saw (or disk) with a diamond coat-
ing, ultrasound, laser or a water jet cutter. When using a saw kind of cutter, it must be 
noted that high risk of delamination and heat build-up are present [1, p 214-215]. 
 
Ultrasound cutting is the fastest among the aforementioned cutting techniques and it 
uses a cutter that resonates in ultrasonic frequencies thus it has low friction between 
the cutter and the laminate. It is especially useful when cutting prepregs and reinforce-
ments at higher speeds and precision compared to conventional cutting methods [1, p 
216]. An example of ultrasonic cutting device can be seen in Figure 16. 
 
 
Figure 16. An ultrasonic cutting device [33]. 
 
The main parts of ultrasonic cutter seen in Figure 16 are oscillator and hand piece 
which incorporates the cutting blade. 
 
Typical laser used in composite cutting applications is CO₂ laser. It vaporises the mate-
rial to be cut and therefore sufficient ventilation should be taken care of. Laser cutter is 
fast and accurate but can cause heat build-up in the laminate. Usually when cutting 
CFRP of 3 millimetres thick, an area on the cut edge of one millimetre wide is damaged 
by heat [1, p 216-217].  
 
Water jet cutting is accurate and the cutting slot is narrow and actual cutting can be 
started from any location on the surface. Water jet cutting doesn´t cause heat build-up, 
hazardous vapours or dust while on the other hand the down sides are that the water 
can penetrate to the laminate or reinforcements when cutting laminates or reinforce-
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ments. Sometimes when used with sandwich structures or thick laminates the water jet 
tends to spread and causes edges that are not permissible. The cutting speeds for 
common cutting techniques can be found in Figure 17.  
 
 
Figure 17. Chart of cutting speeds relative to laminate thickness [1, p 214-218]. 
 
It can be seen in Figure 17 that the cutting speed can be variable in case of circular 
saw and water jet cutter but in case of laser cutter the speed is constant regardless of 
laminate thickness. 
3.4.2 Grinding, Drilling and Die-cutting 
 
Grinding equipment can be sanding papers or grinding wheels and when using grinding 
wheel, high speeds such as over 20.000 RPM should be used [1, p 218]. Usually dia-
mond plated tools are the best for grinding and drilling since they are the most durable 
types. When drilling CFRP parts special purpose-built tools should be used such as 
shown in Figure 18. 
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Figure 18. Drilling tools for CFRP by Lach-Diamant. 
 
In Figure 18 both types of drilling tools shown have diamond coating in the surfaces 
that are susceptible for the biggest amount of abrasion, a positive cutting angel and are 
specifically designed for cutting CFRP. 
 
Die cutting is used when large quantities of similarly shaped parts are manufactured 
though the technique is not suitable for large sized parts. It can be used to cut prepregs 
or fabrics to build preforms and stiffeners etc.  
4 Manufacturing Techniques 
 
Hundreds of manufacturing techniques exist nowadays and new ones are developed 
all the time mostly by combining old methods. Different methods suit different applica-
tions but in automotive applications the cost and cycle times as well as surface quality 
are the most important factors in choosing the right type of process. The most suitable 
techniques for automotive applications are explained in the following chapters. 
4.1 Hand Lay-up 
 
Hand lay-up is a common term for techniques that can be applied by hand. It can be 
divided into three main categories; wet, dry and spray lay-up and they are suitable for 
manufacturing of prototype series parts. 
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4.1.1 Wet Lay-up 
 
Wet lay-up is a technique where the fibre fabric and the resin with its additives are ap-
plied to the mould separately by hand, layer by layer. The typical resins used are 
epoxy, polyester, vinyl ester and phenolic. When using a wet lay-up method it must be 
noted that the resins and solvents used are at least somewhat harmful chemicals. The 
lay-up procedure is shown in Figure 19.  
 
 
Figure 19. The wet lay-up process [23]. 
 
In Figure 19 the process is as follows: first an optional layer of gelcoat is applied to the 
finished mould, next the dry fabric is laid on top of the gelcoat and then the resin is 
poured into the mould and a consolidation roller is used to debulk the laminate of ex-
cess air thus solidifying the laminate. It must be noted that the process in the figure is a 
simplification of the actual process. 
 
The suitable conditions for this process are based on the instructions given by material 
providers and as an example, Gurits Ampreg 22 epoxy laminating system has its opti-
mal working conditions in the temperature 18 – 25 °C and a maximum relative humidity 
of 70 %. If higher temperatures occur, the working time is reduced.  
 
Normally Ampreg 22 resin is mixed with Ampreg 22 curing agent and the curing agents 
in this case are labelled as fast, standard, slow, extra slow, 14 hour or high Tg and they 
can be mixed together to form an intermediate solution. The mixing ratio should always 
be measured with electric scale or other precise methods to achieve the correct result. 
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The ingredients of the mixture should also be mixed well with a vessel especially made 
for the purpose. The mixing ratios by weight and by volume can be found in Table 17. 
 
Ampreg 22 resin Ampreg 22 hardener/curing agent 
100 units by weight 28 units All hardeners 
100 units by vol-
ume 
32 units Fast 
100 units by vol-
ume 
33 units Standard or Slow 
100 units by vol-
ume 
34 units Extra Slow or 14 Hour 
100 units by vol-
ume 
29 units High Tg 
Table 17.  Gurit Ampreg 22 lay-up system resin-hardener mixing ratios. 
 
As seen in Table 17 there is a difference between mixing the substances by weight or 
by volume and since the mixing ratio defines the attributes of both curing behaviour 
and structural features it is of the essence to check which method applies. 
 
To aid mixing the resins and curing agents, they can be provided with pigments so that 
it is possible to visually indicate the proper mixing of the components. For example the 
resin can be yellow and the curing agent blue and thus after proper mixing the result 
can be seen as a green colour. After mixing the compound is poured into a shallow 
tray, similar to a painting tray which is done to reduce the exothermic heat build up and 
improve pot life.  
 
To prevent the resin from flowing on steep angled or vertical surfaces a thixotropy addi-
tive can be mixed into the resin and as an example Gurit has Ampreg Pregel for the 
purpose. It is a thixotropic resin that when mixed with hardener can be used instead or 
mixed to a resin to modify drainage and flow. It can also be used for bonding preformed 
laminate components. 
 
Depending on the mould used, demolding is aided by applying a suitable amount of 
wax, usually five or six layers being enough. Polyvinyl alcohol should be used in com-
plex or slightly rough surfaced moulds and after the treatment the surface should be 
polished without removing the release agent. A test laminate is always the best way to 
determine the right way and amount of release agent to be used.  
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Gelcoat and topcoat are commonly used to act as the visible surface of the part and 
are therefore applied to the mould after the release agent treatment. Both of them can 
be clear or pigmented and are sorts of resins as well. They are applied by spraying or 
by brush whereas topcoat usually requires additional sanding before the actual lay-up 
can be performed. More on these two coatings can be found in the corresponding 
chapters. 
 
The mix of resin and its additives are commonly applied by a foam roller from a roller 
tray or sometimes with a brush. Accuracy in reinforcement percentage can be brought 
up by applying measured ratio of resin-mix and reinforcements to every layer. Usually it 
is accurate enough if maximum weight per square meter of resin applied is the same 
as the desired weight of the finished product per square meter. The tools used for resin 
application should be cleaned with acetone in case they are to be reused. 
 
If the laminate is going to be adhesion bonded to another part after curing, Gurit advis-
es to use a peel ply that in turn provides the laminate with two functions, preventing the 
surface from contamination and it gives the laminate a textured surface that makes it 
easier to bond. It is applied during the lay-up process to the laminates surface to be 
bonded and it is peeled off just before bonding. Any peel ply should be tested for ap-
propriate release and that it doesn´t leave any residues that could affect adhesion. 
 
The consolidation of the laminate can be carried out in several ways, first being by 
hand using a paddle roller and the second way being the use of either vacuum or pres-
sure bag. When using high vacuum with slow curing agent, the vacuum should not be 
applied before 50 % of the working times has passed or else resin starved laminate 
and excessive flow might occur and if vacuum has to be applied in an earlier stage, 
only 30 – 50 % vacuum should be used. The process of vacuum bag usage can be 
seen in Figure 20. 
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Figure 20. Vacuum bag process [4]. 
 
As seen in Figure 20 the vacuum bag technique requires also other ancillaries such as 
sealing and pumping equipment that can usually be obtained from the same source as 
the bag itself. 
 
Heating can be carried out by space heaters whilst using an insulation tent or with 
heated blankets with insulation over. When Ampreg 22 resin is used, Slow or Extra 
Slow curing agents are best suited for vacuum curing. When the laminate is still wet, it 
should not be exposed to vacuum over 80 %, that is to say vacuum pressure of 0.8 
bars. For Ampreg 22 resin system, Gurit recommends Tygavac vacuum bags and an-
cillaries.  
 
If core materials are used for laminating a sandwich structure, Gurit recommends Co-
recell SAN closed foam, PVCC foam, Nomex honeycomb and engrain balsa for use 
with Ampreg 22 resin system. The core material can be applied between layers or on 
top of the laminate. Further information on the materials can be found in the core mate-
rials section. 
 
The curing process can be carried out in ambient or elevated temperature and elevated 
temperature post-cure is advised for reaching excellent mechanical features after cure 
in ambient temperature. The curing must be carried out in temperature of at least 18 °C 
and during a time period of at least 48 hours with slow and extra slow curing agent and 
at least 16 hours when using fast or standard. To consider the laminate properly cured 
in ambient temperature, it should be allowed to cure for 14 days when using Fast, 
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Standard or Slow hardener. The moulding should be kept in a warm dry place during 
this period whereas elevated temperature post-curing is recommended when Slow, 
Extra Slow or High Tg hardeners are used. The post-curing should be carried out be-
fore demolding and Gurit recommends curing temperature of a least 55 °C if 14 Hour 
hardener is used. 
 
When the elevated temperature cure is applied the laminate will gain a significant in-
crease in mechanical properties as an example the Ampreg 22 resin system will 
achieve the same kind of properties with either five hours at 70 – 80 °C or 16 hours at 
50 °C. As an exception, the 14 Hour hardener requires 16 hours at 55 °C fort post-cure. 
The post-cure should be carried out right after laminating when possible but if it occurs 
that the laminate is demolded before post-curing, it should be supported and the sup-
ports should not be removed until the part has cooled down properly. Either way it is 
recommended to post-cure the part before finishing or painting. 
 
Further information on different resin systems and ways of working with them can be 
found from the suppliers. As an example of user guide, see Ampreg 22 resin system 
user guide in appendix 3. The hand lay-up process in a nutshell is as follows: 
 
1. Mould surface treatment and cleaning 
2. Release agent or film application 
3. Optional gelcoat or topcoat application 
4. Application of dry reinforcements 
5. Wetting of reinforcements with resin, debulking 
6. Optional core material application 
7. Optional repeating of steps 4 and 5 
8. Curing in ambient or elevated temperature 
9. Optional Post-cure 
10. Demolding and finishing 
 
The number of reinforcement-resin –layers applied can be chosen as desired, even on 
top of each other, keeping in mind that the thickness of the laminate affects the curing 
behaviour of the part. Common defects in had lay-up products and the possible causes 
are listed in Table 18. 
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Defect Possible cause 
Surface crack Stress overload caused by excess heat or 
external load 
Star like shape in the surface Impact 
Delamination The surface of the laminate hasn´t been 
roughened before the lay-up of the following 
layer 
Too small radii in corners or too thick layer of 
lay-up applied at one time 
Interlaminar shear strength limits exceeded 
Reinforcements aren´t moistened properly 
Burn mark Too thick layer of lay-up applied at one time 
Whiteness Reinforcements are damp 
The binder or coating of the reinforcements is 
not compatible with the resin used 
The acetone used to clean the tools has end-
ed up in the laminate 
Redness Too much curing agent 
Air bubble Insufficient debulking 
Sticky or uncured laminate Resin without accelerant 
Wrong measuring of accelerant or curing 
agent 
Curing temperature too low 
Reinforcements are damp 
Air humidity too high 
Too thin layer (if polyester resin) 
The resin used requires postcuring 
Resin accumulation Excess use of resin 
Not enough thixotropy-additive 
Twisted laminate Asymmetric lay-up sequence 
Part distortion Laminate hasn´t been in the mould long 
enough 
Table 18. Common defects and their possible causes [1, p 158] 
 
As can be seen in Table 18 the hand lay-up process has many parameters that can 
cause deformations in the resulting part and thus requires skilled workers to gain re-
peatable good results. 
4.1.2 Dry Lay-up (Prepreg) 
 
Because of the nature of the prepreg sheets the laminate will have higher percentage 
of reinforcement than the wet lay-up parts which is a result of a precalculated amount 
of resin used and the use of vacuum film compression in the curing process. To make it 
possible to bend the prepreg sheets over complex shapes the sheet can be heated and 
softened with a warm-air heater. Otherwise the hand lay-up of prepregs is quite similar 
to the wet lay-up. In prepreg lay-up the laminate should be debulked after every one to 
three layers. It is possible to use core materials in prepreg lay-up as well. 
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Prepreg structures are commonly cured in autoclave for best results. In this method the 
size of the part is strictly restricted by the size of the autoclave chamber. The autoclave 
method is suitable for prototype series production due to its high costs and long ccle 
times. 
 
There are also ways of curing prepregs in a non-autoclave way. Gurits Sprint CBS (Car 
Body Sheet) uses sheets that consist of surface film, reinforcement layer, resin core 
film and a second reinforcement layer. The Sprint CBS system provides the parts with 
class-A surface, optimized weight and cost [24]. The Sprint CBS sheet can be seen in 
Figure 21. 
 
 
Figure 21. Gurit Sprint CBS [24]. 
 
In Figure 21 the structure of the sheet is numbered as follows: number one is an in-
mould surface film, number two is the first layer of reinforcements, number three is the 
resin core and number four is the second layer of reinforcements. The in-mould surface 
film acts as the visible surface of the resulting part. 
4.1.3 Spray-up 
 
In spray up process the resin and reinforcements are sprayed to the mould by hand but 
the process can be as well automated in some applications. The gain of the technique 
is that it has les opportunities to be carried out unsuccessfully, although it still requires 
a great amount of expertise. If done by hand, it is difficult to maintain equal thickness in 
the walls but if the production is fully automated, it is not an issue. 
 
Usually the reinforcements used are chopped or milled fibres that are mixed to the res-
in which includes the curing agent and the accelerant. The spray-up is faster method 
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than the wet lay-up and is suitable for prototype part manufacturing where there are no 
high requirements of structural rigidity. The process can be seen in Figure 22. 
 
 
Figure 22. Spray-up process [6]. 
 
In the process shown in Figure 22 the roving is chopped and mixed with the resin and 
then the whole mixture is sprayed to the mould.   
4.2 Compression Moulding 
 
There are several compression moulding techniques for automotive parts manufactur-
ing of which the most used are explained in the following chapters.  
4.2.1 BMC 
 
BMC is used in compression moulding as well as in injection moulding, mostly for inte-
rior parts since the surface quality is relatively good. The structural attributes are rather 
low since the BMC does usually have only 15-30 wt% of reinforcement [1, p 141]. BMC 
consists of matrix plastic, chopped fibre, filler, pigment, curing agent and shrinkage 
preventing agent and sometimes a flame retardant is also used. It is suitable for small 
or medium series production. The compression method of BMC can be seen in Figure 
23. 
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Figure 23. Compression moulding process [10]. 
 
The process in Figure 23 goes as follows: First the compound is applied to the mould 
then the mould is closed with pressure and last the moulded part is pushed out of the 
mould. 
4.2.2 SMC 
 
SMC is a sheet-like reinforced plastic compound that normally includes filler and other 
required additives. It is formed by compression moulding. It is suitable for series pro-
duction of relatively large sheet-like parts. The advantages of the technique are that the 
parts are dimensionally accurate and relatively large. In addition one part made of SMC 
can replace multiple parts made of sheet metal. SMC is used in for example trunk lids 
and fenders. The compression method of SMC is quite similar to BMC except the fact 
that SMC is a sheet. An example of a part made of SMC can be seen in Figure 24. 
 
 
Figure 24. A cylinder head cover made of SMC [11]. 
As seen in Figure 24 SMC is quite a flexible material and the parts made of it can in-
corporate complex shapes even though it is a sheet-like material. 
54 (70) 
 
 
 
 
Compression moulding of prepreg is quite similar to SMC. Prepreg sheets can have up 
to 60 v% of reinforcements and are suitable for parts that are necessary to have good 
strength attributes [1, p 145]. The method is suitable for series production. 
4.2.3 Film Compression 
 
In film compression a prepreg sheet is compressed into the mould between two thin 
films usually made of polyimide. Then the prepreg is condensed by vacuum and heat. 
The final moulding is carried out by over pressure [1, p 183].  
 
The advantages of the technique are short cycle time and inexpensive moulds. The 
mechanical attributes of the parts made with film compression are good since it uses 
prepreg sheets. Film compression enables the making of thin walled complex planar 
structures. A film compression process schematic can be found in the Figure 25. 
 
 
Figure 25. Film compression process [1, p 183]. 
 
In Figure 25 the first step of the film compression process is when a prepreg sheet is 
attached between two plastic films with vacuum and heated. After all of the excess air 
is removed the prepreg is compressed to the surface of the mould. 
 
4.3 Injection Techniques 
 
The thing in common between the injection techniques is that the resin is injected to 
the mould with positive pressure or vacuum. The reinforcements can be fabrics, 
chopped or milled fibre normally mixed with the resin or a preform. The resin can be 
attached to the preform as a resin film or in some other form. The focus in this chapter 
is in the positive pressure injection techniques. 
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In vacuum injection process the resin is sucked through the reinforcement structure or 
preform by vacuum. The process uses an open mould and a vacuum bag and if large 
quantities are manufactured the vacuum bag can be replaced by a flexible counterpart 
for the mould.  
4.3.1 RTM 
 
Resin transfer moulding (RTM) is a technique where reinforcements or a preform are 
first applied to the mould, the mould is closed and the resin is injected to the mould with 
excess pressure. RTM technique is suitable for small or medium series production of 
parts with structural functions. A simple process description can be seen in Figure 26. 
RTM process is able to be fully automated. 
 
 
Figure 26. The RTM process [7]. 
 
As seen in Figure 26 the resin is first mixed in a container and then brought trough a 
heated injection tube to the heated mould containing the reinforcements. A resin trap 
seen in the picture is an additional item to the process. 
 
For example Lamborghini and Ferrari among others are using the RTM. Lamborghini is 
building the chassis of the new Aventador with Lamborghinis own RTM process with 
thermoset Araldite resin [9]. Lamborghinis invention can be seen in Figure 27. 
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Figure 27. The Lamborghini Aventadors CF chassis using RTM [9]. 
 
As seen in Figure 27 the Lamborghini´s Aventador uses a combination of CFRP mono-
coque with steel tube framing in both ends of the vehicle to form a hybrid body struc-
ture. 
 
The strengths of the RTM technique are as listed below: 
 
 high percentage of reinforcements 
 a variety of inserts can be used 
 good tolerances 
 relatively big parts can be manufactured 
 parts can be structural or non-structural 
 
An example of a part made with RTM can be seen in Figure 28. 
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Figure 28. CFRP part made with RTM [7]. 
 
It can be seen in Figure 28 that a part made with RTM can incorporate multiple inserts 
to help joining the CFRP part to other parts.  
 
Common RTM processes use epoxy, polyester and vinyl ester as resins whereas 
Bayer Material Science has recently developed a polyurethane resin to be used in the 
RTM process. It claims that the material is stronger and the cycle times faster among 
other benefits [26]. Also thermoplastics are currently researched and developed for use 
in the RTM process. One newcomer in the RTM field is epoxy structural reaction injec-
tion moulding (ESTRIM), announced to be faster and better method than RTM. ES-
TRIM uses epoxy as a resin. 
4.3.2 RIM and its Variations 
 
Reaction injection moulding (RIM) has been developed for PUR foamed plastics pro-
duction. It normally uses two plastic components that are mixed in a mixer and then 
injected into a closed mould [1, p 175-176]. Due to advancement in PUR plastics it can 
also be used in applications where high heat resistance is required. The RIM process-
es are able to be automated. 
 
RRIM uses chopped or milled fibres mixed in the plastic components. SRIM technique 
is quite similar to RTM since it uses the same kinds of reinforcing and moulding meth-
ods. A process description of RIM can be seen in Figure 29. 
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Figure 29. The RIM process [8]. 
 
The RIM equipment seen in Figure 29 consists of two separate tanks for raw materials, 
low pressure circulation pumps and metering pumps. Metering pumps push the raw 
materials to the mixing head and further to the mould. 
 
RIM techniques are suitable for series production and are used for example in interior 
panels of trucks and personal transportation. RIM process doesn´t require high pres-
sures since the raw materials are in a liquid state. Therefore also equipment can be 
lighter and cycle times faster. Since new polyurethanes are being developed, better 
attributes are gained in the future. The pros and cons of the RIM technique can be 
found in Table 19. 
 
Pros Cons 
Fast cycle time 
Modest moulding pressure 
Dimensionally accurate and smooth surfaced 
parts 
Good flexibility attributes 
Low modulus of elasticity and strength 
Fairly high investments in equipment 
In demanding surface finishes the part has to 
be painted 
Table 19. Pros and cons of RIM technique. [1, p 176] 
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As seen in Table 19 the RIM technique provides with good quality parts in a short time 
but on the other hand does suffer from low internal rigidity and the need of additional 
finishing. 
4.4 Extrusion and Pultrusion 
 
In both techniques the outcome of the process is a continuous profile. Extrusion is 
mainly used for parts without the need for high mechanical requirements but in pultru-
sion the mechanical attributes can be very good since the reinforcing fibres are contin-
uous. Some bended profiles can also be formed with pultrusion [1, p 186-189]. With 
pultrusion it is possible to make panel that can be combined to others to form a bigger 
structure. Pultrusion process can be seen in Figure 30. 
 
 
Figure 30. The pultrusion process [12]. 
 
As seen in Figure 31 the reinforcements come first from the creel and are then mois-
tened with resin. After it they go through performing die and then continue to the pultru-
sion die. The pultrusion die is heated for curing purpose. A haul of unit pulls the product 
and it is being cut to a suitable length. 
4.5 Production Series Definitions 
 
The suitable manufacturing technique should be chosen according to the production 
series sizes. In directive 2007/46/EC annex VII the small series production of M1 class 
vehicles is defined to be 1000 a year. Other series quantities are defined by manufac-
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turers and they vary among them. Table 20 includes figures of different production se-
ries. 
 
Series type Annual quantity 
Single / concept vehicles 1-2 
Prototype vehicles 10-50 
Small series ≤1000 
Series production >1000 
Table 20. Definitions of production series. 
 
The series sizes presented in Table 20 are suggestive and may vary among manufac-
turers whereas the annual production limit for small series production is set to 1000 
vehicles by EU legislation. 
4.6 Comparison of Techniques 
 
This chapter provides a variety of technical and economical comparisons. In order to 
choose the most suitable manufacturing technique a summary can be found in Table 
21. 
 
 Cost-
effective 
series 
size 
Mould 
time 
Strength 
class 
Typical rein-
forcement-%  
Direction of 
reinforcing 
Surface 
quality 
Wet lay-
up 
1-1000 5 min- 24h Average 20-40 As desired, 
even 
Excellent 
RTM 1000-
2000 
10-20 min Average 15-30 Even Excellent 
SMC 1000-
100000 
30 s- 3 min Low – 
Average 
15-35 Even Good 
RRIM 1500-
100000 
1-2 min Low 5-25 Even, in 
direction of 
resin flow 
Excellent 
Pultrusion 1000 m-
10000 m 
Continuous High 30-75 Directed Average 
Table 21. Technical and economical comparison of techniques (1, p 192-193). 
 
The techniques in Table 21 are used in manufacturing panel–like structures though 
pultrusion is mainly used for hollow profiles but is researched for making panels as 
well.  
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4.7 Techniques Applied by Valmet-Automotive 
 
The capabilities of Valmet-automotive to produce CFRP parts for automotive exterior 
applications are shown in Appendix 6. 
5 Refining 
 
The correct refining technique should be chosen according to the required finishing 
quality. The OEM will inform on how to make the right choice by providing the instruc-
tions. 
5.1 Paint 
 
Painting composite parts is different than painting conventional steel or aluminium 
parts. It must be noted that the surface of a composite part is more likely to be rough 
than in the metal parts. Also the heat endurance and the thermal expansion attributes 
differ from sheet metal parts. It means that either the curing temperature of the paint 
should be low enough or the heat endurance of the plastic high enough to make it pos-
sible to paint the composite parts using the same painting procedure as with the metal-
lic parts. In automotive painting process the parts can be painted separately and added 
to the BIW in-line or if required, off-line [18, p 31, 36-39]. 
 
In automotive industry a three zone method is commonly used for defining the different 
surface quality zones of the products. An example can be seen in Figure 31.  
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Figure 31. Example of 3D-model with the different zones indicated with different colours. 
 
The different zones in Figure 31 are as follows: the first zone (green) indicates surface 
of the part where there shall not be any kinds of defects, often called class A surface. 
The second zone (yellow) indicates the surfaces where there can be minor defects, 
also referred as a class B surface. The third zone (blue) indicates the surfaces that are 
hidden or are very rarely or briefly seen, also commonly known as class C surface. 
 
CFRP parts should not only withstand the environmental temperature and humidity 
conditions but also the circumstances in the painting process. That is why choosing the 
right stage for the CFRP part is to be attached to the body frame is essential [18, p 31-
32]. A chart of temperatures and process stages can be found in Figure 32. 
 
 
Figure 32. Painting process with different phases where FRP parts can be applied to the BIW 
[18, p 31]. 
 
As seen in Figure 32 the painting process itself sets some boundaries for selecting a 
suitable matrix plastic. As for Valmet-Automotive the painting process schematic can 
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be seen in appendix 5. Although the plastic might endure the heat in the process, the 
CTE differences between the BIW and the FRP parts have to be noted when it comes 
to attaching the parts. The following chart in Figure 33 provides with a rough summary 
on the matter. 
 
 
Figure 33. Comparison of CTEs for some typical FRP and metallic parts [13]. 
 
As seen in Figure 33 the differences between CTEs between CFRPs and metals are 
significant and thus need to be taken into consideration when the parts are joined to-
gether and also the read-thru effect of reinforcements caused by differences in CTE 
between the matrix and the reinforcements must be noted. 
5.2 Gelcoat and Topcoat 
 
Gelcoat is commonly a pigmented resin based coating material that is applied to the 
mould in the liquid state. It is primarily used as a surface layer that is a durable and 
protective which at the same time provides the part with good quality surface. Top coat 
is also a resin-based coating material but unlike gelcoat it is usually transparent. Both 
coatings are commonly equipped with thixotropy agents and normally cure faster than 
the actual laminate whilst becoming an integral part of the laminated product. 
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6 Quality 
 
In order to produce high quality parts out of CFRP the common quality-related aspects 
need to be familiarised. The quality of a CFRP part is mainly influenced by the materi-
als and manufacturing technique used whereas in hand lay-up techniques it is mostly 
the skill of the workers that has the biggest effect on the resulting parts quality. In exte-
rior parts the main requirements are in the fields of surface quality, appearance, and 
temperature and humidity resistance while they also have to withstand stone impacts, 
and scratches etc. [48].   
 
The most important tolerances are typically set for geometry and attachment related 
surfaces and holes etc. as well as for surface quality. Usually geometry tolerances are 
stricter in the parts edges than in the planar surfaces, which is because parts usually 
have to have similar curvatures on the edges to that of the parts next to them. The tol-
erances that can be achievable are resulting from the materials and technique used as 
well as from the skill of the workers and they are usually set according to the applica-
tion.  
6.1 Surface Quality 
 
The surface quality of a part is essential in case of exterior parts since they are mostly 
visible. As mentioned in Chapter 5.1 when it comes to painting a part the surfaces are 
divided into separate quality zones that in turn affect the requirements placed for the 
part structure and the related manufacturing process. The manufacturing process pa-
rameters along with the materials used play a significant role on the resulting surface 
quality as well as in the other aspects of the part. An example of surface defects and 
their allowances on different surface zones can be seen in Table 22. 
 
Defect Zone 
1 (Class A) 2 (Class B) 3 (Class C) 
Resin accumulation Not Allowed Allowed Allowed 
Distortion of Fabric Not Allowed Not Allowed Allowed 
Porosity Not Allowed Not Allowed Allowed 
Colour Mismatch Not Allowed Not Allowed Not Allowed 
Table 22. Examples of surface defects and their allowances in an unpainted CFRP part. 
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The examples presented in Table 22 are only examples and not applicable in general 
since the quality requirements are always manufacturer and case specific. More thor-
ough examples of surface defects are presented in Appendix 7. 
6.2 Testing 
 
Testing procedures are commonly divided into two types that are non-destructive 
(NDT) and destructive. In case of surface quality and geometry testing the NDT meth-
ods are the most suitable since they do not cause any defects on the parts and thus 
the part can afterwards be used in its intended manner. The testing requirements vary 
among manufacturers whereas the testing processes are usually standardised. As an 
example General Motors has its own standard document (GMW14650) where perfor-
mance requirements for exterior parts made of plastics are covered. The testing proce-
dure standards are from ISO, SAE and ASTM. 
 
The appearance of a part can be tested in the simplest way by examining the part by 
viewing it and thereby form an overall impression. There are also ways of testing the 
appearance features such as gloss and colour by scientific means. Specification DIN 
EN ISO 2813 defines the ways of inspecting gloss of a painted or coated part whereas 
colour is measured according to DIN 6175. An example of gloss measuring device can 
be seen in Figure 34. 
 
 
Figure 34. Gloss measuring device [49]. 
 
The gloss measuring device in Figure 34 is a hand held one from Zehntner an it is suit-
able for measuring gloss from mat to high gloss surfaces. 
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In colour testing spectrophotometer is used to determine whether the part has the right 
colour or not. An example of a spectrophotometer can be seen in Figure 35. 
 
 
Figure 35. Spectrophotometer MA68II [50]. 
 
The spectrophotometer seen in Figure 35 is designed for measuring metallic and 
pearlescent paints and is manufactured by X-Rite.   
 
Smoothness of a parts surface can be tested visually or with scanning equipment such 
as seen in Figure 36. 
 
 
Figure 36. Surface quality measurement tool by BYK (51). 
 
The tool seen in Figure 36 is used for detecting roughness and gloss on a painted sur-
face. 
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7 Safety and Environment 
 
Working with and manufacturing CFRP parts include some special matters to be con-
sidered. Most important safety instructions and environmental matters are discussed in 
this chapter. Also a list of information sources can be found in section 7.3.   
 
Most of the resins and solvents used in the composites manufacturing process are 
flammable. Therefore when it comes to storing and handling, appropriate procedures 
should be carried out based on local instructions on the matter. 
 
One important matter to be considered is the electrical conductivity of the carbon fibre 
dust particles. When the dust comes to contact with low voltage devices such as com-
puters, it can cause the device to short circuit or get damaged otherwise. 
7.1 Working Conditions 
 
The most important safety matters are the working conditions. The instructions for cor-
rect working conditions can be found in the safety instructions provided by the occupa-
tional healthcare department. The recommended ways to work with materials can be 
found in the material safety data sheet provided by material supplier. The safety data 
sheet should always be available. An example of safety data sheet can be found in the 
appendices. 
7.2 Basic Safety Equipment 
 
Safety equipment should be used according to the prevailing circumstances. Usually it 
is recommended to use at least some suitable plastic gloves when handling resins and 
other chemicals in the process. Using gloves also prevents the grease from the skin 
from contaminating surfaces. 
 
It is also advisable to use suitable respiratory protective equipment whenever one is 
tooling the composite parts since there will be great amounts of dust in the air during 
the tooling process. Carbon fibre dust can cause lung diseases. Always when working 
with chemicals, correct protective equipment should be used. 
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The fumes from resins and solvents as well as carbon fibre dust can be irritating or 
harmful. Especially when using the hand lay-up technique it must be ensured that there 
is sufficient airflow in the place of work. Local ventilation or suction would be the best 
ways of preventing the fumes or dust to spread around the working place. 
7.3 Where to Look for Instructions 
 
In case of Valmet-Automotive the required safety instructions can be found for example 
in following places: 
 Occupational health care 
 PLAZA 
 Lotus Notes: Management system – OHS – Operational 
Instructions – T4.4 
 WebKTT (access through supervisor) 
 HSE – monitor (reports on accidents and safety risks) 
 Safety data sheet (provided by material supplier) 
7.4 Recycling and Reuse of Materials 
 
As there is a growing number of manufacturers using CFRP parts in their cars the envi-
ronmental issues such as recyclability and reuse of materials are becoming more im-
portant. For example the since 2006 End-of-Life Vehicle Directive requires that 85 % of 
all manufactured vehicles must be recyclable when disposed. After 2015 the directive 
requires an even higher recyclable content of 95 % in every manufactured vehicle. 
 
There are separate ways for recycling and reuse whether it is thermosetting or thermo-
plastics-based CFRP that is to be disposed. The thermosetting plastic –based CFRP 
waste can be processed in mechanical or thermal processes. The processes for recy-
cling thermoset composites can be seen in Figure 37. 
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Figure 37. Recycling processes for thermoset composites [47]. 
 
As seen in Figure 37 the recycling processes for thermosetting plastic –based compo-
site waste produce several reusable output such as fillers, fibrous products, clean f i-
bres and chemical products. In some processes energy recovery is possible and thus 
improves the energy economy of the recycling. 
 
The thermoplastic based composites are much easier to recycle since the plastic can 
be melted and thus separated from the reinforcements and both of the components can 
be reused to produce new parts. 
8 Conclusions 
 
The goal of this study in the first place was to provide Valmet-Automotive Ltd (VA). a 
guidebook for manufacturing CFRP parts for automotive exterior applications and to 
carry it out as thoroughly as possible in the given time frame. It was soon that the field 
of the study was so wide that it had to be narrowed down just to incorporate basic 
guidelines and principles of the manufacturing techniques and materials suitable for 
and the most common in the exterior part applications. Due to difficulties in getting cost 
related information from suppliers, a thorough economical comparison of the tech-
niques was not possible to be included in the guidebook. It would have been extremely 
useful in choosing the right manufacturing technique. It was also discovered during the 
70 (70) 
 
 
 
study that since carbon fibre is such a new material in Finland even the Finnish Insti-
tute of Occupational Health (FIOH) has not yet done any research on the effects that 
the carbon fibre could have on the health of the people working with it. 
 
The resulting guidebook is much more like a book on how to get started with the CFRP 
manufacturing than a hand book containing thorough process descriptions of the tech-
niques and materials so that someone could actually start manufacturing parts. It was 
carried out successfully in the given timeframe to meet the VAs demand for a guide-
book of CFRP and in addition VA gained precious information of its own capabilities 
and thus requirements regarding CFRP parts manufacturing. The study also pointed 
out what needs to be purchased in order for the company to manage in the field of 
CFRP manufacturing.  
 
In the future it will be essential to keep this guidebook up to date since the CFRP relat-
ed techniques and materials are developed continuously. It would also be useful to 
produce more thorough guidebooks on the manufacturing techniques to further help in 
choosing the right technique for manufacturing parts. A cost related survey should be 
also carried out that would incorporate the pricing of parts and capabilities of different 
kinds of manufacturing techniques to produce them in an economical way. 
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